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Aquaxan™ HD algal meal use in aquaculture diets:

Technical report

Enhancing nutritional performance and
pigmentation

(TR.2102.001)

The benefits of using Aquaxan HD algal meal in aquaculture diets are reviewed:

Aquaxan HD algal meal is prepared from the alga Haematococcus
pluvialis.

It is an excellent natural source of algal micronutrients, especially
astaxanthin, a unique carotenoid pigment used to improve
nutritional performance and pigmentation properties of diets for
salmon, trout, shrimp, red seabream, and other marine or tropical
aquatic species.

The natural astaxanthin stereoisomer found in Aquaxan HD is the
same as that found in the natural food of the aquaculture species
targeted, and is the same as the dominant astaxanthin stereocisomer
found in their flesh, unlike the synthetic form.

Astaxanthin in Aquaxan HD algal meal has a high bioefficacy.

Trials have shown that Aquaxan HD algal meal has excellent
pigmentation properties comparable to synthetic astaxanthin, and
that feeding Aquaxan HD algal meal resulted in higher weight gain.
Studies indicate that algal astaxanthin has a higher bio-efficacy than
synthetic astaxanthin, especially when used in larval and postlarval
shrimp feeds, resulting in improved survival.

Astaxanthin has been attributed vitamin-like properties in fish. Its
functions include pro-vitamin A activity, pigmentation,
photoresponse and communication, antioxidant, reproduction and
development, and a role in immune response mechanisms.
Requirements for astaxanthin are reviewed and recommendations on
usage of Aquaxan HD algae meal are provided
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Technical report

1. Aquaxan HD algae meal

- Is an algal meal prepared from Haematococcus pluvialis. Haematococcus spp.
are ubiquitous green algae (Chlorophyceae) in the family Volvocales. They are
encountered thoughout the world and naturally occur in fresh and brackish
waters'?*4 When environmental conditions become inhospitable (e. g., drying out
of pools), Haematococcus cells start reddening, accumulating lipids and
astaxanthin for protection againt photooxidation and other oxidative
mechanisms, while entering a resting phase %34 .

- Is produced by cell-breaking Haematococcus algae and gentle drying at low
temperature to ensure minimum degradation and maximum bioavailability of
astaxanthin and other micro-nutrients.

- Is stabilised with the antioxidant ethoxyquin, which ensures a satisfactory stability
when stored at 20°C or below® and comes with a guaranteed total astaxanthin
content®.

- Is an excellent source of natural algal micronutrients, including essential amino
acids and polyunsaturated fatty acids to enhance nutritional performance of
aquaculture diets.

- Is particularly rich in astaxanthin, a natural red pigment that improves
pigmentation of salmon, trout, red seabream and shrimp, but also has other
very important biological functions including pro-vitamin A activity,
communication and photoresponse, protection of lipids against oxidation,
protection against light and photooxidation, reproduction, larval
development and growth, immune response and health.

- Contains primarily esterified astaxanthin, a more stable form than free
astaxanthin in nature® although highly bioavailable®.

- Is mainly composed of the 3S,3'S astaxanthin enantiomer®, the same

predominant astaxanthin isomer found in wild salmon'', while in other sources
such as yeast or synthetic astaxanthin, other isomer forms predominate'.
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Fig. 1. Structure of selected carotenoids

N
™R
HO

Lutein

Technical report

OH

Beta-carotene

)
OH OH
A W g RN /@(\)\/\)\/\/\r\/\’/\/
HO wo | .
Zeaxanthin o Astaxanthin

B3 -dihydroxy 4’ iketo-B-carvtenc)

[o]

2

Canthaxanthin

Fig. 2. Astaxanthin enantiomers

Astaxanthin 3S,3’S

(3,3"-dihydruxy-4,4"diketo-B-curniene)

Astaxanthin 3R,3'R

ISR

(0 17
JovdLud

Aquasearch Inc. ©, Revised: 12/06/99 TR.2102.001



}

Technical report

2. Astaxanthin natural occurrence.

- Astaxanthin is the main carotenoid pigment found in aquatic animals®™. It can be
found at significant levels in important aquaculture products such as salmon, trout,
red seabream, shrimp, lobster, and fish eggs™.

- Astaxanthin cannot be synthesised by animals and must be provided in the diet
as is the case with other carotenocids "', While salmonids are unable to convert
other dietary carotenoids into astaxanthin’, some species such as crustaceans
have a limited capacity to convert closely related dietary carotenoids into
astaxanthin, although feeding astaxanthin directly to shrimp rather than precursors
results in better pigmentation due to conversion inefficiencies*,

-  Form and level of deposition of astaxanthin differ between tissues. esterified
astaxanthin predominates in the skin, teguments, and eggs, while free astaxanthin
is the main form in the flesh, serum and other internal organs of salmon’. In
shrimp, esterified astaxanthin predominates, except in the ovaries and eggs'”'. In
red seabream, mostly esterified astaxanthin is found in the skin "*® . The more
stable esterified form is believed to be an adaptive feature to be able to store
astaxanthin in tissues without excessive oxidation®,

- Esterified 3S,3’S astaxanthin, the main astaxanthin enantiomer in Aquaxan HD
algae meal is the dominant astaxanthin form in natural foods/preys of
aquaculture species'’. This 3S,3'S astaxanthin enantiomer is the same as the
main enantiomer found in the flesh of wild salmon'. Salmonids seem to be
unable to convert the 3R,3'S enantiomer in synthetic astaxanthin to the natural
35,3'S form''. Fillets from farmed salmon fed synthetic astaxanthin will have
characteristically high levels of the 3R,3'S form and can therefore be easily
distinguished by analytical means from the wild salmon*'.

Table 1. Main forms of astaxanthin in tissues of important aquaculture species

Tissues Skin Flesh Digestive Ovaries Serum Eggs
gland
Species
Salmonids ’ Esterified Free Free Free Free Esterified
Shrimp 1518 Esterified Esterified Esterified Free Free
Red Seabream'”'® | Esterified N.A. N.A. N.A. N.A. N.A.

N.A.: Not available
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and potential astaxanthin sources

Form and level of astaxanthin in selected important aquaculture species and potential asta

Astaxanthin

Content (mg/kg)| Freelesterified | Main isomer |Reference
Aquaculture specjes
Sockeye salmon 28-37 Free,esterified** 38,3'S 11,7
Coho salmon g-21 Free,esterified** 38,3'S 117
Chum salmon 3-8 Free,esterified** 38,3'S 11,7
Chinook salmon 8-9 Free,esterified** 38,3'S 11,7
Pink salmon 4-6 Free,esterified*™ 35,3'S 11,7
Atlantic salmon 3-11 Free,esterified** 35,3'S 11,7
Rainbow trout 1-3 Free,esterified*™ 38,3'S 7
salmon eggs 0-14 esterified™* N.A. 19,20
Red seabream 2-14 esterified™* N.A. 17,18
Red seabream eggs 3-8 N.A. N.A. 20
Peneaus monodon 10-150 Esterified, free** 3S,3'S 16
Lobster Esterified,free** N.AX 12,37
Astaxanthin sources
Copepods 39-84 esterified*™* NA* 7
Krill 46-130 esterified*** 3R.3IR 7
Krill oil 727 esterified™* 3R.3IR 7
Crayfish meal 137 esterified™* NA* 7
Arctic shrimp 1160 esterified™* 3S8,3'S 7
Yeast (Pfaffia rhodozyma) 30-800 esterified*™* 3R3R 7
Synthetlc astaxanthm 80,000 free 7

* Crustaceans are believed to have mostly the 3S,3'S form, Krill might be the exception.
** depending on tissues, free or esterified astaxanthin may be found
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3. Bioefficacy of algal astaxanthin.

- In Red Seabream (Chrysophrys major), pigmentation efficacy of the esterified
form of natural astaxanthin was reported superior to synthetic free
astaxanthin ',

- Recent work conducted in Thailand also showed superior bioefficacy of
astaxanthin from Haematococcus over the synthetic form, in larval and post-
larval shrimp (Penaeus monodon) diets, leading to higher survival 2. Survival of
shrimp zoea fed diets supplemented with 200 ppm algal astaxanthin was found to
be 3 times higher than those fed diets supplemented with the same amount of
synthetic astaxanthin. In the case of mysis larvae and post-larvae, the algal
astaxanthin diets resulted in 20% and 18% improved survival over the synthetic
astaxanthin diets.

- In salmonids, our trials (Fig. 3, Fig. 4) have shown that properly cell-broken and
gently dried algal meal from Haematococcus, resulted in pigmentation and
astaxanthin deposition in the flesh, comparable to that obtained from
synthetic astaxanthin, when trout were fed diets supplemented with equivalent
levels of these two pigment sources®. Portion-size trout (Oncorynchus mykiss)
fed the algal astaxanthin (Aquaxan HD algal meal) for 90 days, grew to a higher
final weight than those fed the synthetic form, suggesting a superior bioefficacy,
similar to what has been observed with shrimp. An earlier study found that feeding
a diet supplemented with astaxanthin from partly-broken Haematococcus cells
(60% broken cells), resulted in astaxanthin deposition levels in the flesh of trout
which were 260% of the level achieved with non-broken cells and 58% of synthetic
astaxanthin®. This earlier study had concluded that the lower pigmentation efficacy
of algal astaxanthin in trout, compared to the synthetic form, could be attributed to
two possible causes: insufficient breakage of cell wall and/or lower absorption rate
due to the need for fish to hydrolyse the esterified form into free astaxanthin before
it can be absorbed and transferred into the blood and organs®?. Assuming the
linearity of the pigmentation efficacy and the percentage of broken cells, an
extrapolation of those earlier results would have indicated that diets prepared with
100% broken cells would most likely have resulted in astaxanthin deposition very
similar to those obtained with the synthetic astaxanthin. Because of the toughness
of their cell walls, Haematococcus cysts are difficult to rupture, and since the
astaxanthin is enclosed inside those cell walls, it is very important to maximise
breakage of the cells, without destruction of the astaxanthin. The processing of
Aquaxan HD algal meal has been designed to achieve a thorough rupture of the
cell walls to ensure the best bio-availability of algal astaxanthin, while minimising
losses. Our very good pigmentation efficacy results and earlier work in Japan
which found equivalent pigmentation efficacy between synthetic free astaxanthin
and esterified natural astaxanthin in coho salmon (Oncorhynchus kisutch)?®, concur
with studies in red seabream and indicate that esterified algal astaxanthin and

6 ﬁ"-'i"’\_;_ld
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synthetic free astaxanthin have similar pigmentation efficacy in salmon or
trout.

Pigmentation and growth results with trout fed algal or synthetic astaxanthin

Fig 3
Astaxanthin deposition in muscle of trout fed 10, 25 or 40 ppm astaxanthin
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4. Functions of astaxanthin:

The main functions of astaxanthin in aquatic species include:
Pro-vitamin A activity

Pigmentation, photo response and communication
Antioxidant properties

Reproduction and development

Immune response mechanisms

4.1. Pro-vitamin A activity — role in vision

Retinoids, including Vitamin A, are well known for their role as vision pigments. In fish,
vitamin A has been shown to be an essential vitamin, with deficiency leading to
xerophthalmia and cataracts, while supplementation in the diet prevented these
deficiency symptoms and promoted growth?.

Astaxanthin, as with other carotenoids including beta-carotene, has been reported to
play a role as precursor of vitamin A in salmon (Salmo salar) and trout (Oncorhynchus
mykiss) %%, ftilapia (Tilapia nilotica) **, guppies (Lebistes reticulatus) and platies
(Xiphophorus variatus) *.

It should be noted that in the deep sea stomatoid fish Malacosteus niger, astaxaxanthin
is a tapetal pigment, believed to function as a diffuse reflector which increases visual
sensitivity®.

4.2. Astaxanthin’s role in photoresponse, communication and behaviour

Fish are known to change coloration in response to changes in lighting and
background, during reproductive behaviour or when excited, as both a way of
communicating and protecting themselves®.

Carotenoid pigments, accumulating and migrating within chromatophores and
xanthophores spread out in the tegument of fish, are responsible for these colorations
and their changes. It has been suggested that the bright colors of male salmons
during reproductive period, resulting from astaxanthin accumulation, is a secondary
sexual characteristic that may influence the behaviour and be a condition of the
success of the reproductive process®.

This role in communication and behaviour is believed to be a major function of
carotenoids in the animal world™.

4.3. Antioxidant properties of astaxanthin: the SUPER VITAMIN E.

Aquasearch Inc. ©, Revised: 12/06/99 {

Astaxanthin  has been shown to be an excellent natural antioxidant'?3%3¢3638
Astaxanthin is very active against singlet oxygen ('O,), hydroxyl radicals (‘OH), and
organic free radicals, and was found to be more active than other carotenoids
(zeaxanthin, beta-carotene, canthaxanthin) or alpha-tocopherol on those free radical
species. Indeed, when compared to vitamin E, the in-vitro activity of astaxanthin was
found to be 15 times higher on free radicals, and 100 times on singlet oxygen ™.

SR AL e

UL L TR.2102.001



Technical report

In-vitro studies have shown astaxanthin to be the most effective natural antioxidant to
protect linolenic acid, a polyunsaturated fatty acid (PUFA) from peroxidation™. PUFAs
are considered critical components of cell membranes of marine fish and shrimp, who
have elevated dietary requirements for essential PUFAs. Those PUFAs are very
sensitive to oxidation due to their double bonds.

Astaxanthin is also believed to protect tissues from photo-oxidation by UV light, e. g., in
salmon swimming in shallow waters, or in salmonid eggs.’

Astaxanthin has been attributed a protective effect on some essential vitamins.
Feeding trials have shown that tissues of Atlantic salmon (Salmo salar) fed
astaxanthin-supplemented diets had 2 to 20 times higher levels of physiologically
active antioxidant vitamins (retinol, alpha-tocopherol, ascorbic acid) supporting an
antioxidant sparing property of astaxanthin on those vitamins®®.

4.4. Role of astaxanthin in reproduction and development.

Carotenoids, and more specifically astaxanthin, have long been attributed an important
role in reproduction of shrimp and fish”'.

It has been noted that astaxanthin deposited in the flesh is mobilised and redeposited
in ovaries and the skin during the reproductive cycle of salmonids™.

Salmon eggs contain high levels of lipids, specifically polyunsaturated fatty acids
(PUFASs), which are critical to the success of reproduction and larval development. It is
assumed that astaxanthin plays an important protective role for these PUFAs as a
natural in-situ antioxidant'®.

In red seabream (Chrysophrys major), astaxanthin has been found to improve
buoyancy and other egg quality parameters- and production of larvae when broodstock
were fed diets containing astaxanthin

Feeding astaxanthin to yellow tail broodstock resulted in improved egg quality “°.
Recent work has demonstrated that astaxanthin was essential for high survival and
rapid growth of newly-hatched salmon fry and juveniles 4“2,

4.5. Effects of astaxanthin on health and immunology
Astaxanthin has been reported to improve both specific and non-specific immune response
mechanisms in fish:

In salmonids, astaxanthin improved survival of Atlantic salmon submitted to an
Aeromonas salmonicida challenge, and has been demonstrated to be essential for the
survival of salmon fry #4

In-vitro experiments with trout phagocytes have demonstrated the immuno-stimulatory
effect of astaxanthin, which is believed to protect the cell membranes of the
phagocytes from oxidation *.

Higher astaxanthin levels have been found in phagocytic cells of trout such as
phagocytes, macrophages and neutrophils, indicating a greater need for autoprotection
against toxic oxidative by-products .

Supplementation of astaxanthin in salmonid diets has been shown to affect in-vivo all
non-specific immune response parameters tested .

Those results corroborate a large number of studies which have demonstrated the
positive effect of astaxanthin in specific and non-specific immune response

9
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mechanisms in mammals 474845051 Astaxanthin has been shown to have
anticarcinogenic effects in mice***'%3%_ to stimulate formation of antibody-forming cells
in the spleen of sheep*®*, to enhance in-vitro production of T-cell-dependent antigen in
normal strains of mice and possibly antibody production®’.

Two freshwater fish, Oreochromis nilotica and Colisa labiosa, fed astaxanthin at 32 or
71 mg/kg, displayed improved histology of the liver, a critical organ which plays an
essential role in immune response mechanisms in fish *2. Astaxanthin supplementation
has resulted in improved growth of tilapia 5.

Finally, the sparing effect of astaxanthin on other essential vitamins with immune
response functions may also have an indirect positive effect on the health and immune
response of fish®,

In shrimp, astaxanthin has also been shown to improve survival and immune response.

In Kuruma shrimp (P. japonicus), 50 to 100 ppm dietatry astaxanthin has been shown
to improve survival and growth 35557,

In Tiger prawns (P. monodon), 100 to 200 ppm dietary astaxanthin has been shown to
improve resistance to bacterial and viral infections®, while only 50 ppm is sufficient to
prevent the blue-shrimp syndrome 6.

More recently, dietary astaxanthin was shown to improve survival of larval and post-
larval shrimp (P. monodon), with algal astaxanthin showing a superior effect over the
synthetic form?2.

Requirements for astaxanthin — recommended supplemental levels

-
Aquasearch Inc. ©, Revised: 12/06/99 (_J ‘\: u\

The increased mortality and reduced growth observed in salmon fed astaxanthin-free
diets support the assumption of a vitamin-like property of astaxanthin and of an
essential requirement for it®.

The minimum requirement for optimal growth and survival of Atlantic salmon fry has
been determined to be 5.3 ppm astaxanthin®. However to ensure optimal
pigmentation, much higher levels are recommended: as high as 50 to 70 mg
astaxanthin per kg of feed is common practice in the industry.

In shrimp, although essentiality of carotenoids seems to be widely accepted '35
exact requirements have not been determined. Crustaceans, including penaeid
shrimp, are able to convert other carotenoids to astaxanthin, although this conversion
may be slow or inefficient®. Indeed, astaxanthin has been reported to be more
effective than beta-carotene and other carotenocids at improving survival® and
astaxanthin deposition and pigmentation 7% in peneaid shrimp.

Dietary levels of 25 to 50 ppm dietary astaxanthin are recommended to correct the
blue-shell syndrome of Penaeus monodon '®.

In Kuruma shrimp, Penaeus japonicus, it has been found that astaxanthin deposition
increased to a maximum 38 mg/kg in the flesh, 85 mg/kg in the head and 54 mg/kg in
the shell, when fed up to 200 ppm astaxanthin, with no additional pigmentation efficacy
if feeding higher levels than 100 ppm.

10
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- On the other hand, levels as high as 100 to 400 ppm have been recommended for
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improved survival, immune response and resistance to disease in shrimp 5%,

- In red seabream, no specific requirements have been determined, but the industry
frequently adds up 25 to 50 ppm astaxanthin to commercial diets, since poorly
pigmented red seabream have significantly lower marketing acceptance leading to
lower selling prices. .

- Astaxanthin is also added to larval and starter diets, often at significantly higher levels

in the case of shrimp larval and postlarval diets, recent work

shows that 200 ppm algal astaxanthin is an adequate level and maximises resistance

than in grower diets.

to stress?.

Table 3 Recommendations on astaxanthin supplemental levels in aquaculture diets.

Suggested supplemental astaxanthin levels (mg/kg feed):

Aquasearch Inc. ©, Revised: 12/06/99

Starter/larval diets Grower diets
Low High Low High
Salmonids 30 50 40 80
Red seabream 30 60 30 60
Shrimp 100 200 10 50
11
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Table 4: Conversion table: algal meal inclusion/supplemental astaxanthin targeted

Astaxanthin level in Aquaxan HD algae meal
Supplemental astaxanthin 1.0% 1.5% 2.0% 2.5% 3.0%
target level (ppm) Inclusion in feed (kg/Ton feed)
1 0.10 0.07 0.05 0.04 0.03
5 0.50 0.33 0.25 0.20 0.17
10 1.00 0.67 0.50 0.40 0.33
15 1.50 1.00 0.75 0.60 0.50
20 2.00 1.33 1.00 0.80 0.67
30 3.00 2.00 1.50 1.20 1.00
40 4.00 2.67 2.00 1.60 1.33
50 5.00 3.33 2.50 2.00 1.67
- 60 6.00 4.00 3.00 2.40 2,00
70 7.00 4.67 3.50 2.80 2.33
80 8.00 5.33 4.00 3.20 2.67
90 9.00 6.00 4,50 3.60 3.00
100 10.00 6.67 5.00 4.00 3.33
120 12.00 8.00 6.00 4.80 4.00
140 14.00 9.33 7.00 5.60 4.67
160 16.00 10.67 8.00 6.40 5.33
180 18.00 12.00 9.00 7.20 6.00
200 20.00 13.33 10.00 8.00 6.67
250 25.00 16.67 12.50 10.00 8.33
300 30.00 20.00 15.00 12.00 10.00
12

4.
Aquasearch Inc. ©, Revised: 12/06/99 (' n j_ FRY) TR.2102.001



Technical report

REFERENCES

Almgren K. (1966). Ecology and distribution in Sweden of algae belonging to Haematococcaceae. Svensk Botanisk
Tidskrift, 60(4), 49-73.

2.  Droop M.R. (1953). On the ecology of flagellates from some brackish and fresh water rockpools of Finland. Acta
Botanica Fennica 51, Ed. By: Societas Pro Fauna et Flora Fennica. 52pp.

3. Droop M.R. (1961). Haematococcus pluvialis and its allies. 1ll. Organic nutrition. — Rev. Algol. N. S.,5(4), 247-259.

4, Elliot A.M. (1934). Morphology and life history of Haematococcus pluvialis. Archiv. Protistekunde, 82, 250-272.

5.  Aquasearch 1999. Product specification sheets.

6. Aquasearch 1999. Technical Report TR-AQXHD-002.

7.  Torissen O.J., RW. Hardy, K. Shearer. 1989. Pigmentation of salmonids — carotenoid deposition and metabolism.
CRC Critical Reviews in Aquatic Sciences, 1(2), 209-225.

8.  Mantiri D.M., G. Négres-Sadargues, G. Charmantier, J.P. Trilles. 1996. Nature and metabolism of carotenoid pigments
during the embryogenesis of the European lobster Homarus gammarus (Linne, 1758). Comp. Biochem. Physiol. A,
115(3), 237-241.

9.  Agquasearch 1993. Agquaxan HD algae meal data sheet.

10. Grung M., F.M.L. D'Souza, M. Borowitzka & S. Liaaen-Jensen. 1992. Algal carotenoids 51. Secondary carotenoids 2.
Haematococcus pluvialis aplanospores as a source of (35,3'S)-astaxanthin esters. J. Appl. Phycol., 4 165-171.

11. Turujman S.A., W. G. Wamer, R.R. Wei, R.H. Albert. 1997. Rapid liquid chromatographic method to distinguish wild
salmon from aquacultured saimon fed synthetic astaxanthin. J. A. O. A. C. Int., 80(3), 622-632.

12. Torissen O.J., 1996. Effective use of carotenoids for salmon flesh pigmentation. Roche Aquacult. Symp. , Campbeli
River, Canada, May 13.

13. MikiW. 1891. Biological functions and activities of animal carotenoids. Appl. Chem., 63(1), 141-146.

14. Meyers S.P. The biological role of astaxanthin in salmonids and other aquatic species. First Int. Symp. on Nat. Colors
and Foods, Nutrac., Bever. and Confect. Amherst, USA, Nov. 7-10.

15. DallW. 1995. Carotenoids versus retinoids (Vitamin A) as essential growth factors in penaeid prawns (Penaeus
semisulcatus). Mar. Biol., 124, 209-213.

16. Menasveta P., W. Worawattanamateekul, T. Latscha, J.S. Clark. 1993. Correction of Black Tiger Prawn (Penaeus
monodon Fabricius) coloration by astaxanthin. Aquaculture Eng., 12, 203-213.

17. Fujita T., Satake M., T. Watanabe, C. Kitajima, W. Miki, K. yamaguchi, S. Konosu. 1983. Pigmentation of cultured red
seabream with astaxanthin diester purified from Krill gil. Bull. Jpn. Soc. Sci. Fish. 49(12), 1855-1861.

18. [lto Y., T. Kamata, Y. Tanaka, M. Sameshima. 1986. Studies on the improvement of body color of red seabream
Pagrus major by astaxanthin and astaxanthin dipalmitate. The Aquiculture, 34(2), 77-80.

18. Chistiansen R., O.J. Torissen. 1997. Effects of dietary astaxanthin supplementation on fertilization and egg survival in
Atlantic salmon (Salmo-salar L.}). Aquaculture, 153, 51-62.

20. Watanabe T.and W. Miki. 1991. Astaxanthin: an effective dietary component of red seabream broodstock. Fish
nutrition in practice, Biarritz (France), June 24-27, 1991.

21 Nakazoe J-l., S. Ishii, H. Kamimoto, M.Takeuchi. 1984. Effects of supplemental carotenoid pigments on the
carotenoids accumulation in young red seabream (Chrysophrys major). Bull. Tokai Reg. Fish. Res. Lab. No. 113, , 29-
41,

22. Darachai J., S. Piyatiratitivorakul, P. Kittakoop, C. Nitithamyong, P. Menasveta. 1998. Effects of astaxanthin on larval
growth and survival of the giant tiger prawn, Penaeus monodon. The Fifth Asian Fisheries Forum in Chiang Mai,
Thailand (November 11-13, 1998).

23. Aquasearch 1998. Technical report TR AQX.HD.001.

24. Sommer T.R., F.M.L.D. Souza and N.M. Morissy. 1991. Pigmentation of adult rainbow trout, Onchorhynchus mykiss,
using the green alga Haematococcus pluvialis. Aquaculture, 106, 63-74,

25. Choubert G. and O. Heinrich. 1993. Carotenoid pigments of the green alga Haematococcus pluvialis : assay on
rainbow trout Onchorhynchus mykiss, pigmentation in comparison with synthetic astaxanthin and cantaxanthin.
Aquaculture, 112, 217-226.

26. Mori T., K. Makabe, K. Yamaguchi, S. Konosu, S. Arai. 1989. Comparison between krill astaxanthin diester and
synthetised free astaxanthin supplemented to diets in their absorption and deposition by juvenile coho salmon
{Onchorynchus kisutch). Comp. Biochem. Physiol. B, 93(2), 255-258.

27. Halver J.E. 1989. The vitamins. In: Fish Nutrition (2™ edition), ed. By J. E. Halver. pp 31-109, Academic Press, New
York.

28. Christiansen R, O. Lie, O.J. Torissen. 1994, Effect of astaxanthin and vitamin A on growth and survival during first
feeding of Atlantic salmon Salmo salar L. Aquaculture, 79 102: 33-36

29. Schiedt K., F.J. Leuenberger, M. Vecchi, E. Glinz . 1985. Absorption, retention and metabolic transformations of
carotenoids in rainbow trout, salmon, and chicken. Pure Appl. Chem., 57, 685-692.

30. Katsuyama M., T. Matsuno. 1988. Carotenoids and vitamin A, and metabolism of carotenoids, -carotene,
canthaxanthin, astaxanthin, zeaxanthin, lutein and tunaxanthin in tilapia Tilapia nilotica. Comp. Biochem. Physiol. B,
90 (1), 131-139. ~ ran

GCo1th
13
Aguasearch Inc. ©, Revised: 12/06/99 (' o 1 { e TR.2102.001
o\ i



Technical report

31. Gross J, P. Budowski. 1984. Metabolism of cryptoxanthin in freshwater fish. Br. J. Nutr., 52, 575-581.

32. Somiya H. 1982. “Yellow lens” eyes of the stomatoid deep-sea fish, Malacosteus niger. Proc. R. Soc. Lond. B., 215,
481-489.

33. Torissen O.J. 1989. Biological activities of carotenoids in fishes. Proc. Third Int. Symp. On Feeding and Nutr. In Fish.
Toba Aug. 28 — Sept. 1, Japan, pp. 367-399.

34. Goodwin T.W. 1952, The comparative biochemistry of the carotenoids. Chapman and Hall, London, 356 pp.

35. Kurashige M., E. Okimasu, M. Inoue, K. Utsumi. 1980. Inhibition of oxidative injury of biological membranes by
astaxanthin. Physiol. Chem. Phys. Med. NMR, 22(1), 27-38.

36. Lim B.P., A. Nagao, J. Terao, K. Tanaka, T. Suzuki. K. Takama. 1992. Antioxidant activity of xanthophylls on peroxyl
radical-mediated phospholipid peroxidation. Biochim. Biophys. Acta, 1126(2): 178-84.

37. Lawlor S.M., N.M. O'Brien. 1985. Astaxanthin: antioxidant effects in chicken embryo fibroplasts. Nutr. Res., 15(11),
1695-1704.

38. Oshima S., F. Ojima, H. Sakamoto, Y. Ishiguro, J. Terao. 1993. Inhibitory effect of beta-carotene and astaxanthin on
photosensitized oxidation of phospholipid bilayers. J. Nutr. Sci. Vit., 39(6), 607-615.

39. Christiansen R., J. Glette, O.J. Torissen, R. Waagbg. 1995. Antioxidant status and immunity in Atlantic salmon,
Salmo salar L, fed semi-purified diets with and without astaxanthin supplementation. J. Fish Dis., 18, 317-328.

40. Matsuno T., M. Katsuyama, T. Maoka, T. Hirono, T. Komori. 1985. Reductive metabolic pathways of carotenoids in fish
(3S,3'S)-astaxanthin to tunaxanthin A, B and C. Comp. Biochem. Physiol. B, 80 (4), 779-789.

41. Christiansen R., O. Lie, O.J. Torissen. 1996. Growth and survival of Atlantic salmon Salmo salar L. fed different
dietary levels of astaxanthin. Juveniles. Aquaculture Nutr., 2, 55-82.

42. Christiansen R., O. Lie, O.J. Torissen. 1995. Growth and survival of Atlantic salmon Salmo salar L. fed different
dietary levels of astaxanthin. First-feeding fry. Aquaculture Nutr., 1, 189-198.

43. Christiansen R., O. Lie, O.J. Torissen. 1994, Effect of astaxanthin and vitamin A on growth and survival of Atlantic
salmon fry, Salmo salar L. Aquaculture Fish. Manag. 25, 903-914.

44. Verlhac V., Gabaudan J., Schierle J. 1995. In-vitro anti-oxidant properties of astaxanthin on rainbow trout immune
cells. In: Developmental and comparative immunology. Clem, LW. Warr G.W. (Eds.). The Vith ISDC congress.
Abstracts. P889. Presented at the Nordic Symposium on Fish Immunology. May 1995, Reykiavik, Iceland.

45. Verlhac V., Gabaudan J., Schierle J. 1995. Influence of astaxanthin on non-specific immune response of rainbow
trout. The Vith ISDC congress. Abstracts. Presented at the Nordic Symposium on Fish Immunology. May 1995,
Reykiavik, Iceland.

46. Jyonouchi H., Hill R.J., Tomita Y., Good R.A. 1991. Studies of immunomodulation actions of carotenoids. |. Effects
of betacarotene and astaxanthin on murine lymphocyte functions and cell surface maker expression in in vitro culture
system. Nutr. Cancer, 16, 93-105.

47. Jyonouchi H., L. Zhang , Y. Tomita. 1993. Studies of immunomodulation actions of carotenoids. 1. Astaxanthin
enhances in-vifro antibody production to T-dependent antigens without facilitating ployclonal B-cell activation. Nutr.
Cancer, 19, 269-280.

48. Jyonouchi H., L. Zhang L., M. Gross, Y. Tomita. 1994. Immunomodulating actions of carotenoids: enhancement of in
vivo and in vitro antibody production to T-dependent antigens. Nutr. Cancer, 21, 47-58.

49. Jyonouchi H., 8. Sun. M. Mizokami, M.D. Gross. 1996. Effects of various carotenoids on cloned effector-stage T-
helper cell activity. Nutr. Cancer, 26, 313-324.

50. Okai, Y., K. Higashi-Okai. 1996. Possible immunomodulating activities of carotenoids in in vitro cell culture
experiments. Int. J. Immunopharmacol., 18, 753-758.

51. Tomita, Y., H. Jyonouchi, RW. Engelman, N.K. Day, and R.A. Good. 1993. Preventive action of carotenoids on the
development of lymphadenopathy and proteinuria in MRL-Ipr/lpr mice. Autoimmunity, 16, 95-102.

52. Segner H., P. Arend, K.V. Peppinghausen, H. Schmidt. 1989. The effect of feeding astaxanthin to Oreochromis
niloticus and colisa labiosa on the histology of the liver. Aquaculture, 79, 381-390.

53. Boonyaratpalin M., N. Unprasert. 1989. Effects of pigments from different sources on colour changes and growth of
red Oreochromis niloticus. Aquaculture 79, 375-380.

54. Chien Y.H., S.C. Jeng. 1992. Pigmentation of Kuruma prawn, Penaeus japonicus Bate, by various pigment sources
and levels and feeding regimes. Aquaculture, 102, 333-346.

65. Tanaka Y., H. Matsuguchi, T. Katayama, K.L. Simpson, C.O. Chichester. 1976. The biosynthesis of astaxanthin.
XVIII. The metabolism of the carotenaids in the prawn, Penaeus japonicus Bate. Bull. Jpn. Soc. Sci. Fish., 42:197-
202.

56. Menasveta P. 1995. Role of micro-nutrients in increasing disease resistance in shrimp. 2nd. Roche Aquaculture
Center Conference on Shrimp Nutrition and Disease. June 15, Bangkok, Thailand.

57. Negre-Sadargues G., R. Castillo, H. Petit, S. Sance, R.G. Martinez, J-C.G. Choubert, J-P. Trilles. 1993. Utilisation of
synthetic carotenoids by the prawn Penaus japonicus reared under laboratory conditions. Aquaculture 110, 151-159.

58. Yamada S., Y. Tanaka, M. Sameshima, Y. lto. 1990. Pigmentation of prawn (Penaeus japonicus) with carotenoids. 1.
Effect of dietary astaxanthin, beta-carotene, and canthaxanthin on pigmentation. Aquaculture, 87, 323-330.

59. Thongrod S., A. Tansutapanich, O.J. Torissen. 1995. Effect of dietary astaxanthin and supplementation on
accumulation, survival, and growth in post-larvae of Penaeus monodon Fabricius. In P.Lavens, E. Jaspers and |I.

. 14 “ !'n 3\ 4 8
Aquasearch Inc. ©, Revised: 12/06/99 iuu b TR.2102.001



60.
61.
62.
63.

64.

Aquasearch Inc. ©, Revised: 12/06/99

Technical report

Roelants (eds.). Larvi'95 ~ Fish & Sheilfish Larviculture Symposium. European Aquacuiture Society, Special
Publication, No. 24, Gent, Belgium, 251-254.

Kurmali K. 1995. Shrimp nutrition and disease: role of vitamins and astaxanthin. 2nd Roche Aquaculture Center
Conference on Shrimp Nutrition and Disease. June 15, Bangkok, Thailand.

Chien Y.H. 1996. Biological effects of astaxanthin in shrimp, a review. 3 Roche Conference on Nutrition and
Disease. Bangkok, Dec 12, 1996, pp. 73-81.

Verakunpirya V. T. Watanabe, K. Mushiake, V. Kiron. 1996. Effects of broodstock diets on the chemical component of
milt and eggs produced by yellow tail. Fish. Sci. Tokyo. 62(4), 610-618.

Tanaka, T., Y. Morishita, M. Suzui, T. Kojima, A. Okumura, H. Mori. 1994. Chemoprevention of mouse urinary bladder
carcinogenesis by the naturally occurring carotenoid astaxanthin. Carcinogenesis 15, 15-19.

Lee-Sang H., W. Park-Cherl, S. Park-Won, C. Lee-Young, S. Choi-Eui, L. Ha-Yeong. 1997. Inhibition of
benzo(a)pyrene-induced mouse forestomach neoplasia by astaxanthin-containing egg yolks. Agric. Chem. Biotech.,
40(6): 490-494.

-

"
)
ot
*—-&
(<8

1 By

TR.2102.001



)

Technical report

Astaxanthin in nature
(TR.3001.001)

e Astaxanthin is the main carotenoid pigment found in aquatic animals.

o Studies suggest that it can be 10 times more powerful than other carotenoids
and more than 100 times than vitamin E, as a biological antioxidant.

e It plays a role in many essential metabolic functions in animals: protection
against oxidation and UV-light, vision, immune response, pigmentation and
communication, reproduction, and development.

e In some species it has been attributed vitamin-like properties and is believed to
be essential to normal growth and survival.

o The micro-alga Haematococcus pluvialis holds nature’s record of astaxanthin
concentration, at more than 3% of dry biomass.

o The main astaxanthin stereoisomer found in Haematococcus is the same as
that found in wild salmon. The main form of astaxanthin in Haematococcus is
the esterified form, which is also found in several aquatic species. It is the
more stable natural form.

What is Astaxanthin?

Astaxanthin is the main carotenoid pigment found in aquatic animals.! This red-orange pigment is
closely related to other well-known carotenoids (Fig. 1) such as beta-carotene or lutein, but has a
stronger antioxidant activity (10 times higher than beta-carotene)l. Studies suggest that astaxanthin
can be more than 100 times more effective as antioxidant than vitamin E.7 In many of the aquatic
animals in which it is found, astaxanthin has a number of essential biological functions, including
protection against oxidation of essential polyunsaturated fatty acids, protection against UV-light
effects, pro-vitamin A activity and vision, immune response, pigmentation, communication,
reproductive behaviour, and improved reproduction.2 In species such as salmon or shrimp,
astaxanthin is considered essential to normal growth and survival, and has been attributed vitamin-
like properties.2 Some of these unique properties have also been found to be effective in
mammals3-7 and open very promising possibilities for nutraceutical and pharmaceutical
applications of astaxanthin in humans.
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Fig. 1. Structure of selected carotenoids
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Where Is Astaxanthin Found in Nature?

Astaxanthin can be found in many of our favorite seafoods such as salmon, trout, red seabream,
shrimp, lobster, and fish eggs.2 It is also found in a number of bird species.8,% Astaxanthin cannot
be synthesised by animals and must be provided in the diet, as is the case with other carotenoids.
While fish such as salmon are unable to convert other dietary carotenoids into astaxanthin,2 some
species such as shrimp have a limited capacity to convert closely related dietary carotenoids into
astaxanthin, although they benefit strongly from being fed astaxanthin directly.10 Mammals lack
the ability to synthesise astaxanthin, or to convert dietary astaxanthin into vitamin A: unlike beta-
carotene, astaxanthin has no pro-vitamin A activity in mammals.24 Some micro-organisms can be
quite rich in astaxanthin. A ubiquitous micro-alga, Haematococcus pluvialis, is believed to be the
organism which accumulates the highest levels of astaxanthin in nature. The function of
astaxanthin appears to be to protect the alga from adverse environment changes, such as increased
UV-light photoxidation that can occur if the water pools in which it lives dry out.11-13
Haematococcus algae can accumulate as much as 10 to 30 g of astaxanthin per kg of dry biomass.
This level is 1,000 to 3,000 fold higher than in salmon fillets! Some strains have even been
observed to accumulate as much as 70 to 80 g of astaxanthin per kg of dry biomass.

What Forms of Astaxanthin are Found in Nature?

Form and location of astaxanthin deposition differ between tissues and species (cf. Tables 1 & 2).
Esterified astaxanthin predominates in the skin, teguments, and eggs, while free astaxanthin is the
main form in the flesh, serum and other internal organs of salmon.2 In shrimp, esterified
astaxanthin predominates, except in the ovaries and eggs.!7.18 In red seabream, mostly esterified
astaxanthin is found in the skin.14.15 The more stable esterified form is believed to be an adaptive
feature to be able to store astaxanthin in tissues without excessive oxidation.! Esterified
astaxanthin is the main form found in Haematococcus pluvialis.

Although they have the same chemical composition, 3 main spatial configurations or stereoisomers
of the astaxanthin molecule can be found in nature. They are the 3§,3’S, 3R,3°S, and 3R,3’R
isomers, characterised by the orientation of the two hydroxy! groups on the molecule (cf. Fig. 2). A
recent study by FDA concluded that the 35,3’S is the main form found in wild Pacific and
Atlantic salmon species and that in order to achieve the same astaxanthin profile as their wild
counterparts, farmed salmon should be fed a diet containing the same astaxanthin profile as in the
natural diet of wild salmon.16 The 35,3°S isomer is the main form found in Haematococcus
pluvialis, while synthetic astaxanthin contains primarily the 3R,3"S isomer. Salmon appear unable
to convert the 3R,3’S isomer into the more common 3§,3’S form. In fact, the FDA study clearly
showed that farmed salmon could be easily distinguished from the wild salmon because the farmed
salmon are fed synthetic astaxanthin and accumulate astaxanthin isomers in the flesh in the same
ratio as is found in their diet. This suggests that consumers may prefer to eat farmed salmon fed a
natural form of astaxanthin.
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Fig. 2. Astaxanthin enantiomers
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Table 1. Main forms of astaxanthin in tissues of important aquaculture species
Tissues Skin Flesh Digestive | Ovaries | Serum Eggs
gland
Species
Salmonids2 Esterified Free Free Free Free Esterified
Shrimp17,18 Esterified | Esterified Free Free N.A. Free
Red Seabream14,15 | Esterified N.A. N.A. N.A. N.A. N.A.
N.A. : not available
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Astaxanthin as an antioxidant: a summary.
(TR.3002.001)

o Powerful oxidising agents such as free radicals, e..g. hydroxyl and peroxyl
radicals, as well as the highly reactive forms of oxygen, such as singlet oxygen,
are produced in the body during metabolic processes. They can cause severe
damage to cells, affect immune response mechanisms, and have been
associated with ageing and a number of pathological conditions including
atherogenesis, ischemia-reperfusion injury, infant retinopathy, age-related
macular degeneration, and carcinogenesis.

e There are two broad classes of biological antioxidants which can counteract
those effects: the preventative antioxidants and the radical-scavenging
antioxidants. Carotenoids and vitamin E belong to both groups.

e Carotenoids can act as quenchers of singlet oxygen and other reactive species,
by absorbing the excited energy of singlet oxygen onto the carotenoid chain,
leading to the degradation of the carotenoid molecule, but preventing other
molecules or tissues from being damaged. They can act also as chain-breaking
anti-oxidants and therefore protect lipidic membranes from rapid degradation.

e Astaxanthin antioxidant properties as a quencher of singlet oxygen and
scavenger of free radicals, and its ability to protect lipids from peroxidation,
have been largely demonstrated. Studies indicate astaxanthin antioxidant
properties to be superior by up to 10-fold, when compared to other carotenoids,
and by more than 100 fold, when compared to vitamin E.

e Astaxanthin antioxidant properties are believed to be at the core of most of its
potential benefits in human health. In mammals, unlike beta-carotene,
astaxanthin lacks pro-vitamin A activity. As a result, astaxanthin antioxidant
properties cannot be diverted into vitamin A synthesis. In addition, astaxanthin
has the ability to cross the blood-brain barrier, unlike beta-carotene. It has
therefore the ability to directly exert its antioxidant properties in those organs.
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1. What is biological oxidation?

Oxidation is the chemical process by which an atom, molecule or ion robs another of one or more
of its electrons. Chemicals exhibiting this tendency for stealing electrons are referred to as
oxidising agents. Perhaps the most familiar oxidising agent is oxygen itself. We can see many
examples of oxygen doing its electron-stealing in our everyday lives: the browning of an apple, the
rusting of an iron nail, the slow fading of blue jeans. When a material is oxidised, its chemical
structure is altered, often irreversibly. In biological systems, such as the human body, a number of
powerful oxidising agents can cause damage to cells. Electron-stealing molecules known as free
radicals (hydroxyls and peroxyl radicals, etc...), as well as the highly reactive forms of oxygen,
such as singlet oxygen, are produced in the body during various normal metabolic reactions and
processes. Physiological stress, air pollution, tobacco smoke, exposure to chemicals, and exposure
to ultraviolet (UV) light or other forms of ionising radiation can all enhance the production of these
unwanted oxidising agents?. Phagocytes involved in the immune response against micro-
organisms can also generate an excess of free radicals to aid their defensive degradation of the
invader. Within cells, free radicals can damage DNA, proteins, and lipid membranes. Such
damage has been linked to aging3:4 and a number of pathological conditions including
atherogenesis>,6, ischemia-reperfusion injury’-8, infant retinopathy®, age-related macular
degeneration10, and carcinogenesis! 112,13,

1. What are biological antioxidants?

Biological antioxidants are defined as “compounds that protect biological systems against the
potentially harmful effects of processes or reactions that can cause excessive oxidations” 14. There
are two broad classes of biological antioxidants: the preventative antioxidants and the radical-
scavenging antioxidants. Preventative antioxidants, such as catalase and superoxide dismutase,
suppress the formation of free radicals. Radical-scavenging antioxidants, such as the flavinoid
compounds and vitamin C, serve to “mop up” excess free radicals!3. Vitamin E and the
carotenoids are very important biological antioxidants that act in both preventative and radical-
scavenging roles.

3. Carotenoids , powerful natural antioxidants

Carotenoids are a class of natural lipid-soluble pigments found principally in plants, algae and
photosynthetic bacteria, where they play a critical role in photosynthesis. They also occur in some
non-photosynthetic bacteria, yeast and mold, where they may carry out a protective function against
damage by light and oxygen. Although animals appear to be incapable of synthesising carotenoids,
many animals incorporate carotenoids from their diet. Within animals, carotenoids provide bright
coloration, serve as antioxidants, and can be a precursor of vitamin Al16,17  Carotenoids are
responsible for many of the red, orange and yellow hues of plant leaves, fruits and flowers, as well
as the colour of some birds, insects, fish and crustaceans. Some familiar examples of carotenoid
coloration are the oranges of carrots and citrus fruits, the reds of peppers and tomatoes, and the
pinks of flamingos and salmon!8. Some 600 different carotenoids are known to occur naturally!6.
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Carotenoids can act as potent biological antioxidants, especially as quenchers of singlet oxygen and
other reactive species, by absorbing the excited energy of singlet oxygen onto the carotenoid chain,
leading to the degradation of the carotenoid molecule, but preventing other molecules or tissues to
be damaged!9. Carotenoids can act also as chain-breaking anti-oxidants: free radicals generated
within the body can lead to the degradation of polyunsaturated fatty acids, and create a chain
reaction leading to the degradation of lipidic membranes within a short time. Carotenoids help
break the chain reaction by donating a hydrogen to the damaging unstable free radicall?.

4. Astaxanthin as an antioxidant

Astaxanthin’s ability to quench singlet oxygen and scavenge free radicals has been demonstrated by
a number of studies!,20-24, Astaxanthin showed a very good capability at protecting membranous
phospholipids25 and other lipids!,24 against peroxidation. One of these studies demonstrated that
astaxanthin was best among carotenoids at preventing peroxidation of lipids, with up to 10-times
higher anti-oxidant efficacy of astaxanthin over beta-carotene!, while another one demonstrated a
superior capacity of astaxanthin over zeaxanthin, canthaxanthin or beta-carotene at reducing
peroxidation of unsaturated fatty acids . Superior singlet oxygen quenching ability of astaxanthin
has also been demonstrated over other carotenoids such as beta-carotene (up to 1.726,27 to 3828
times higher, depending on testing conditions) or lutein and zeaxanthin 28, Another important
factor to note is that in humans and other mammals, although this is not the case in most aquatic
animals, and unlike beta-carotene and other carotenoids, astaxanthin has no pro-vitamin A activity.
It can therefore not be diverted from its main function as an antioxidant to become part of the pro-
vitamin A pool. Also, the risk of hyper-vitaminosis with excessive accumulation of vitamin A, is
reduced. Finally, unlike beta-carotene, astaxanthin has the ability to cross the blood-brain barrier
and therefore directly exert its antioxidant properties in those organs29.

Astaxanthin has also been compared to a well-known non-carotenoid antioxidant: alpha-tocopherol
(Vitamin E) and proved to have a superior singlet oxygen quenching capability (8026,27 to 55028
times higher) and at preventing lipid peroxidation!,20. Experiments with red blood cells and
mitochondria from rats have shown that astaxanthin is 100 to 500 times more effective at inhibiting
lipid peroxidation than is vitamin E1,20, The results of these in vitro studies were confirmed in
vivo with rats given dietary supplements of astaxanthin and subjected to oxidising agents, 1,20

These antioxidant properties are believed to be at the source of most potential benefits of
astaxanthin in human health. Those include among others30:

- Support of the immune system

- health of the eye and central nervous system

- anti-cancer properties

- protection against UV light damage

- blood cholesterol regulation and prevention of arteriosclerosis and related ailments
- response to bacterial infections

- anti-inflammatory response
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Table 1. Singlet oxygen quenching efficacy of astaxanthin: comparison with selected
carotenoids and alpha-tocopherol (adapted from Shimidzu et al., 199628)

Compounds Physical quenching rate constant (in-vitro)
kq X 10'9 (1\/['1 s 1) (measures singlet oxygen quenching ability)
Substrate 1 Substrate 2

(CDCI3/CDOD)(2:1) (CDCI3)
Astaxanthin 1.8 (367%) 2.2 (100%)
Zeaxanthin 0.12 (245%) 1.9 (82%)
Lutein n.d. 0.8 (41%)
Beta-carotene 0.049 (100%) 2.2 (100%)
Alpha-tocopherol | n.d.* 0.004 (0.2%)

n.d. = not determined
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Astaxanthin and health: a summary.
(TR.3003.001)

o Astaxanthin’s antioxidant properties as a quencher of singlet oxygen and
scavenger of free radicals, and its ability to protect lipids from peroxidation,
have been largely demonstrated. Studies indicate astaxanthin antioxidant
properties to be superior by up to 10-fold, when compared to other carotenoids,
and by more than 100 fold, when compared to vitamin E.

e Astaxanthin antioxidant properties are believed to be at the source of most its
potential benefits in human health. Unlike beta-carotene, astaxanthin has no
pro-vitamin A activity in mammals.

e Possible role of astaxanthin in the immune response, health of the eye and
nervous system, photo-protection, and against cancer, inflammation, infections,
or artheriosclerosis, is discussed.

1. Astaxanthin as a general biological antioxidant

Astaxanthin (Ax) has been shown to be a powerful quencher of singlet oxygen activity in in vitro
studies (DiMascio et al. 1990; Miki 1991), and is a strong scavenger of oxygen free radicals, at
least ten times stronger than beta-carotene (Miki 1991). Experiments with red blood cells and
mitochondria from rats have shown that Ax is 100 times more effective at inhibiting lipid
peroxidation than is vitamin E (Miki 1991). The results of these in vitro studies were confirmed in
vivo with rats given dietary supplements of Ax and subjected to oxidising agents (Miki 1991). The
antioxidative properties of Ax have been demonstrated in a number of different biological
membranes (Kurashige et al. 1990; Palozza and Krinsky 1992; Oshima et al. 1993; Nakagawa et al.
1997). This anti-oxidant activity is believed to be at the origin of a number of astaxanthin
beneficial properties in health.

2. Astaxanthin as an anti-cancer agent

Studies of the cancer-preventative properties of Ax have been carried out on rats and mice by
Takuji Tanaka and colleagues at the Gifu University School of Medicine. Dietary administration of
Ax proved to significantly inhibit carcinogenesis in the mouse urinary bladder (Tanaka et al. 1994),
rat oral cavity (Tanaka et al. 1995a), and rat colon (Tanaka et al. 1995b). In addition, Ax has been
shown to induce xenobiotic-metabolising enzymes in rat liver, a process which may help prevent
carcinogenesis (Gradelet et al. 1996).
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3. Astaxanthin for support of the immune system

Ax has been shown to significantly influence immune function in a number of in vitro and in vivo
assays using animal models. The majority of this work has been carried out by Harumi Jyonouchi
and colleagues at the University of Minnesota. Ax enhances in vitro antibody production by mouse
spleen cells stimulated with sheep red blood cells (Jyonouchi et al. 1991), at least in part by
exerting actions on T-cells, especially T-helper cells (Jyonouchi et al. 1993). Ax can also partially
restore decreased humoral immune responses in old mice (Jyonouchi et al. 1994). These immuno-
modulating properties are not related to provitamin-A activity, because Ax, unlike beta-carotene,
does not have such activity (Jyonouchi et al. 1991). Studies on human blood cells in vitro have
demonstrated enhancement by Ax of immunoglobulin production in response to T-dependent
stimuli (Jyonouchi et al. 1995a). Other supporting data on Ax and immune function, including
studies on the mechanisms of action involved, may be found in Jyonouchi et al. (1995b), Jyonouchi
et al. (1996), Okai & Higashi-Okai (1996), and Tomita et al. (1993).

4. Astaxanthin for health of the eye and central nervous system

The possible role of antioxidants in alleviating oxidation stress and other oxidative damages to the
eye and the nervous system has been extensively reviewed by Trevithick and Mitton (1999). As
one of nature’s most effective antioxidants with the ability to cross the blood-brain barrier (Tso and
Lam, 1996), astaxanthin’s potential benefits for the health of the eye and the nervous system, are
very promising. The eye is potentially one of the organs which is the most exposed to oxidation,
because it is exposed to air and UV-light as well as being irrigated by a very large number of small
capillaries capable of bringing many of the metabolic oxidative residues through the blood. Also
the eye contains high levels of poly-unsaturated fatty acids and pigments that are quite sensitive to
oxidation (Starostin 1988, Donstov et al. 1999). Recently, a research group demonstrated increased
superoxide and peroxide formation following UV irradiation of a lens protein (Linetsky et al.
1996). Photoxidation of the lens proteins have been associated to the development of catarct
(Taylor, 1993). Carotenoids found in the human retina, lutein and zeaxanthin are closely related to
astaxanthin. There is abundant evidence that certain carotenoids can help protect the retina from
oxidative damage (Snodderly 1995). Investigations of the antioxidant effectiveness of astaxanthin
in the eye are just beginning, but are already very promissing. A recent study with rats indicates
that Ax can be effective at ameliorating retinal injury, and that it is also effective at protecting
photoreceptors from degeneration (Tso and Lam 1996). The conclusions of this study were that Ax
could be useful for prevention and treatment of neuronal damage associated with age-related
macular degeneration, and that it may also be effective at treating ischemic reperfusion injury,
Alzheimer’s disease, Parkinson’s disease, spinal cord injuries, and other types of central nervous
system injuries (Tso and Lam 1996). In this study, Ax was found to easily cross the blood-brain
barrier (unlike beta-carotene), and did not form crystals in the eye (unlike canthaxanthin; Tso and
Lam 1996). These conclusions concur with those of Sokol & Papas (1999) who report encouraging
results in the possible use of antioxidants to treat or prevent neurodegenerative diseases such as
Alzheimer’s disease.

5. Astaxanthin as a photo-protectant

Light, especially UV light, can trigger photoxidation mechanisms and produce active oxygen
species such as singlet oxygen (Noguchi and Niki, 1999, Mc Vean et al. 1999). Lipids (Dontsov et

2

Aquasearch Inc. ©, Revised: 12/06/99 "’ ‘. [\: 1 5 3 TR.3003.001



Technical report

al. 1999, Guillen-Sans & Guzman-Chozas, 1998), pigments (Ostrovskii, 1987, Starostin et al.
1988), DNA (Dunford et al. 1997), proteins (Taylor 1993) have been reported to be sensitive to
photoxidation. Oxidative damage to the eye and skin by UV light have been widely documented
(Trevithick and Mitton, 1999, Mc Vean et al,. 1999). The strong antioxidative activities of Ax
suggest its potential as a photoprotectant, as indicated by the recent study by Tso and Liam (1996)
cited above, indicating lower damage by UV light to the eye of animals fed astaxanthin, although
the effects of Ax on mice exposed to UV irradiation have not been conclusive (Savouré et al. 1995;
Black 1998). Nevertheless, Ax-containing preparations for prevention of light ageing of skin have
been developed (Suzuki et al. 1996a, 1996b).

6. Astaxanthin and infections

A recent study suggested that Ax may be effective as a prophylactic and/or therapeutic treatment of
Helicobacter infections of the mammalian gastrointestinal tract, and an oral preparation has been
developed for this purpose (Alejung and Wadstroem 1998).

7. Astaxanthin for prevention of arteriosclerosis and related diseases

Ax has been shown in both in vitro experiments and in a study with human subjects to be effective
for the prevention of the oxidation of low-density lipoprotein (Miki et al., 1998). This suggests
that it could be used as a preventative for arteriosclerosis, coronary artery disease, and ischemic
brain damage; a number of astaxanthin-containing health products are under development based on
these findings (Miki et al. 1998).

8. Astaxanthin in anti-inflammatory preparations

According to recent studies, Ax diesters appear to exert a synergistic effect on anti-inflammatory
agents, increasing the effectiveness of aspirin when the two are administered together (Yamashita
1995).
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